Trans-1,4-polybutadiene has the attractive characteristic of heat storage by crystal transformation to overcome the difficulty of the thermal design of micro-and nano-satellites. The on-orbit test of the material has been conducted for obtaining the characteristics of heat storage and release in the space environment. The trans-1,4-polybutadiene of 5.5 grams was mounted on Hodoyoshi 4 satellite. The total heat capacity is 440 Joules. It has been confirmed from the on-orbit temperature data that trans-1,4-polybutadiene is able to store and release heat in space more than 1000 cycles. It is shown that the mounted trans-1,4-polybutadiene used the full of heat storage capacity.
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Introduction
Micro-and nano-satellites of not more than 100 kg in mass have been developed actively. It is expected that the microand nano-satellites realize a mission in a short period after the acceptance of order. It is essential to shorten the period of the design, the analysis, the fabrication, and the tests of microand nano-satellites.
The temperature control of micro-and nano-satellite is difficult. The temperature of micro-and nano-satellite changes easily because the heat capacity of micro-and nano-satellite is small. Heaters, thermal louvers, heat switches, phase-change materials, pumped fluid loops, thermoelectric coolers and heat pipes are well known as thermal control devices in satellites more than 100 kg.
1)
The resource of electricity assigned to the temperature control subsystem is not enough to control the temperature of all components mounted in a micro-and nanosatellite actively. There is a severe restriction in mass of a micro-and nano-satellite in the case that the micro-and nanosatellite is launched by utilizing the piggyback system. It is difficult to mount traditional thermal louvers and pumped fluid loops from the viewpoint of the restrict in mass. The space for integrating a thermal control device is limited because many components are packed in the micro-and nanosatellite. The arrangement of heat pipe is quite difficult in micro-and nano-satellites. There are some components in micro-and nano-satellites which generate large amount of heat for a short time such as a radio transmitter. The radio transmitter used in micro-and nano-satellites generates several dozen watts for maximum 10 minutes to communicate between a ground station and the micro-and nano-satellite.
Ueno et al. are developing a MEMS-based small heat switch utilizing a near-field effect.
2)
Hiroki et al. are developing a MEMS-based small thermal louver that works with an elastic force of a torsion bar and an electrostatic force. 3) We are interested in a thermal control device which stores heat temporarily at high heat dissipation and releases heat at low heat dissipation in order to manage the large amount of heat generated for a short time. The traditional heat storage materials store heat by the phase-change from solid to liquid. The liquid storage material needs a container that leads to the increase in mass. The liquid phase does not contact with a wall of the container in a micro-gravity condition in the case that the wetting characteristic between the heat storage material and the wall of the container is not good. We believe that the heat storage material not by phase-change but by crystal transformation has big attraction as a thermal control device for micro-and nano-satellites.
The final goal of this study is to simplify the thermal design by developing a thermal control device fitting to micro-and nano-satellites and to complete the thermal design of a microand nano-satellite in a short period less than 1 year. In this paper, the on-orbit test of the heat storage material with a crystal transformation is conducted for obtaining the characteristics of heat storage and release of the material in the space environment. Table 1 shows heat storage materials which store heat at the temperature between 6 degree Celsius and 72 degree Celsius. 4, 5) Most of the heat storage materials store heat by means of the phase change from solid to liquid. The liquid phase requires the attention to the wetting characteristic on the heat transfer surface in micro-gravity conditions. In the case that the wetting characteristic is bad, the liquid phase floats off a heat transfer surface in a micro-gravity condition and the heat transfer between the heat storage material and the heat transfer surface decreases extremely. Many liquid materials produce more outgas than solid materials at a same temperature. Trans-1,4-polybutadiene is suitable for the heat storage material in the space use from viewpoints of the outgas and the contact between the heat storage material and the heat transfer surface. Trans-1,4-polybutadiene requires no container because trans-1,4-polybutadiene is solid at the heat storage by crystal transformation. 
Heat Storage Materials

Process of manufacture
Trans-1,4-polybutadiene has been produced using the same way as a literature.
5)
The recipe for making the trans-1,4-polybutadiene is as follows: 1) Put toluene 37.5 L and butadien 12.5 L in the autoclave substituted for nitrogen. 2) Put vanadium oxytrichloride 250 mmol as a catalyst in the autoclave. Put diethylaluminum chloride 1250 mmol as a promotor in the autoclave and start the polymerization. The polymerization is carried out in the nitrogen at -5 degree Celsius for 30 minutes. 3) Put twice volume of ethanol with respect to the polymerization solution in the autoclave, precipitate the polymer and filter the polymer. 4) After the filtering polymer is washed in ethanol, oxidation inhibitor Irganox 1076 3 wt% is mixed in the solution, the polymer is finally desiccated.
Measurement of storage of heat
The amount of heat storage of produced trans-1,4-polybutadiene was measured using Differential Scanning Calorimeter (DSC), METTLER TOREDO DSC 1. The measurements are carried out after the temperature of trans-1,4-polybutadiene rises from 25 °C to 200 °C under nitrogen atmosphere, the trans-1,4-polybutadiene is maintained at 200°C
for 10 minutes and melts perfectly, and the temperature is dropped from 200 °C to 25 °C. In measurements of storage of heat, the temperature rises from -10 °C to 200 °C at a constant rate and is dropped from 200 °C to -10 °C at a constant rate. Figure 1 shows the DSC curve at the temperature rise of 5 °C per minute and the amount of heat storage at the crystal transformation from a solid phase to the other solid phase and at the phase change from a liquid phase to a solid phase. The right endoergic reaction in the lower curve and the right exoerginc reaction in the higher curve means heat storage by the phase change from a solid phase to a liquid phase and heat release by the phase change from a liquid phase to a solid phase, respectively. It is clarified that the amount of heat storage is about 80 J/g at the crystal transformation and 36 J/g at the phase change. The obtained amount of heat storage at the crystal transformation corresponds to 71% of the amount of heat storage reported in a literature, 5) 112 kJ/kg. Figure 2 shows the DSC curve at the temperature drop of 5°C per minute and the amount of heat release at the crystal transformation from a solid phase to the other solid phase and at the phase change from a liquid phase to a solid phase. It is clarified that the amount of heat release is about 84 J/g at the crystal transformation and about 32 J/g at the phase change. The temperature at the peak of heat release is about 57 °C at the crystal transformation. It is clarified that the temperature at the peak of heat release is quite different from the temperature at the peak of heat storage. Table 2 shows the transition temperature of the crystal transformation and the amount of endoergic or exoergic heat at some rates of temperature rise or temperature drop. The transition temperature shifts to the higher temperature as the higher rate of temperature rise and shifts to the lower temperature as the higher rate of temperature drop. It is known that these phenomena is a typical characteristic of DSC measurements. The difference of transition temperature between at the temperature rise and at the temperature drop is larger than the difference of transition temperature between the temperature rising or falling rates. It is suspected that the difference of transition temperature between at the temperature rise and at the temperature drop could be caused by the supercooling phenomena and superheating phenomena. Figure 3 shows the heat storage device with trans-1,4-polybutadiene. Table 3 indicates the specifications of the heat storage device. Four plates of trans-1,4-polybutadiene were bonded by adhesive material KONISHI MOS8 and Kapton tape NITTO TAPE P224 on a base plate. The size of a trans-1,4-polybutadiene plate is about L 30 mm × W 30 mm × t 1.5 mm. The total mass of trans-1,4-polybutadiene is 5.5 g. The base plate is made of Aluminum Alloy 5052. The size of the base plate is L 100 mm × W 100 mm × t 0.5 mm. The mass of the base plate is 13.4 g. A black alumite was adopted as the Figure 4 and Table 4 show an image and the specifications of Hodoyoshi 4, respectively. The difference between the reference shown in Fig. 4 and the heat storage device is only trans-1,4-polybutadiene. The reference shown in Fig. 4 Figure 5 shows the temperature histories of the heat storage device and the reference, and the total generated power of solar array panel, SAP, in 6 orbits on July 4, 2014, JST. Hodoyoshi 4 flies in the shadow region of the Earth when the total power generation is 0. After Hodoyoshi 4 goes out of the shadow region, the temperatures of the heat storage device and the reference rise rapidly. The temperature of the heat storage device is lower than that of the reference in the temperature range from 80 to 90 degree Celsius. After Hodoyoshi 4 enters in the shadow region, the temperatures of the heat storage device and the reference drop rapidly. The temperature of the heat storage device is higher than the reference in the temperature range from 10 to -10 degree Celsius.
Heat Storage Device with Trans-1,4-polybutadiene
Results and Discussion
Results of on-orbit tests
Amount of heat storage
The temperature differences between the reference and the heat storage device are found in Fig. 5 . The temperature differences are generated by the effects of heat storage of trans-1,4-polybutadiene and the heat storage or release of the heat storage device. Applying the first law of thermodynamics to the heat storage device and the reference to get rid of the effect of thermal capacity, the following equations are obtained. The sensible heat and the storage of heat are assumed as the internal energy of heat storage device. The radiation is assumed as heat output from the heat storage device and the reference to space. The sensible heat is considered as the internal energy of the reference. It is assumed that the heat input from space to the heat storage device is same with that from space to the reference because the optical properties of both surface are same. The radiation is considered as the heat input. In the heat storage device,
where Solving these equations for δH and integrating, the amount of heat storage or heat release for the time interval of the acquisition of data is expressed by
In the case that ΔH is positive, the heat storage device stores heat. In the case that ΔH is negative, the heat storage device releases heat. The mass of trans-1,4-polyburadiene mounted on the heat storage device of Hodoyoshi 4 is 5.5 grams. The amount of storage heat of trans-1,4,-polybutadiene is about 80 Joules per gram. The amount of heat storage is +440 Joules in the case that the all of trans-1,4-polybutadiene stores heat. The time spans when the sum of ΔH becomes about +440 Joules or -440 Joules are shown in Fig. 6 . These time spans are obtained using the higher temperatures than the transition temperature in Table 2 at the temperature rise and the lower temperature than the transition temperature at the temperature drop. The heat storage device stores heat at time span between green broken lines and releases heat at the time spans between orange broken lines, respectively. This figure shows that the heat storage device used the full heat storage capacity. Figure 7 shows the temperature histories of the heat storage device and the reference in 5 orbits on September 24, 2014, UST. The temperature histories in this figure have same trend as Fig. 5 . There are 82 days from July 4 to September 24. Hodoyoshi 4 orbits around 15 times per a day. These figures mean that the heat storage device could store and release heat 1230 times in space.
Transition temperature at heat storage and heat release
The transition temperatures at the temperature rises in onorbit tests in Fig. 7 are from 80 to 90 degree Celsius. These transition temperatures are higher than those measured in the ground tests shown in Table 2 . The transition temperatures at the temperature drop in Fig. 7 are from 20 to 10 degree Celsius. These transition temperatures are lower than those measured in the ground tests shown in Table 2 . Table 5 shows the temperature change rates at each heat storage and release numbers. The temperature change rate at a heat storage is the temperature change over the time between the bottom temperature and the start of heat storage. The temperature change rate at a heat release is the temperature change over the time between the peak temperature and the start of heat release. Temperature changes in on-orbit tests are faster than those in the ground tests. The faster temperature changes in on-orbit tests contribute the shifts to the higher transition temperatures at the heat storage and to the lower transition temperature at the heat release. The thickness of the trans-1,4-polybutadiene plate in on-orbit tests was 1.5 mm. The small piece of trans-1,4-polybutadiene used in DSC measurements in ground tests is as thin as 0.1 mm. Heat transfers by conduction in the plate and the small piece of the trans-1,4-polybutadiene. The temperature difference between the surface adhered to the base plate and the opposite surface of the trans-1,4-polybutadiene plate is larger than that of the small piece used in DSC measurements. The temperature sensor was adhered to the base plate and does not measure the temperature of trans-1,4-polybutadiene plates directly. The temperature at the part storing heat in the trans-1,4-polybutadiene plate could be lower at temperature rise and be higher at temperature drop than the temperature measured by the temperature sensor. The difference of thickness between the plate and the small piece of trans-1,4-polybutadiene could generate the difference of transition temperature between on-obit and ground tests.
Conclusion
In order to simplify the thermal design and to shorten the development period of the thermal design of a micro-and nano-satellites, a thermal control device based on a heat storage material with a crystal transformation (i.e. trans-1,4-polybutadiene) was developed and submitted to on-orbit testing in order to obtain the characteristics of heat storage and heat release of the material in space. The heat storage device with 5.5 grams trans-1,4,-polybutadiene was developed and was mounted on Hodoyoshi 4. It has been demonstrated that the heat storage device with trans-1,4-polybutadiene can store and release heat in space more than 1000 cycles. It has been confirmed that the heat storage device is able to use the full capacity of heat storage, 440 J.
